The intrinsic processing quality of wheat (Triticum aestivum L.) cultivars is modified significandy by cultural conditions and climate. In an attempt to understand the biochemical basis of such variation, environmental modification of flour protein content and composition was measured. Thirty hard red winter wheat cultivars and experimental lines were grown at 17 Nebraska environments during 1990 and 1991. Environmental conditions, including grain filling duration, temperature and relative humidity during grain filling, were monitored. Grain yield and test weight also were determined as environmental indicators. Significant linear correlations between flour protein content, as measured by near-infrared spectroscopy, were observed only with the duration of grain filling. Protein quality, as measured by SDS sedimentation volumes and size-exclusion high-performance liquid chromatography, was highly influenced by the frequency of high temperatures during grain filling and by the relative humidity. Observed ranges in genotypic responses (variance) at locations also were altered by environmental factors. Optimal protein quality, as determined by SDS sedimentation volumes, was observed with exposure to less than 90 h of temperature greater than 32 °C during grain filling. Protein quality declined with exposure to a greater number of hours of elevated temperature.
INTRODUCTION
Wheat (Triticum aestivum L.) is a species adapted to diverse cultural environments and end-uses, and wheat intended for specific end-uses is exposed to variable environmental conditions, both within and across harvest years. Modern large-scale plant bakery operations demand uniformity of flour shipments. Grain purchasers and millers are faced with the daunting challenge of providing uniform flour from grain produced under a shifting mosaic of cultural environments. Millers and grain buyers also must provide wheat for diverse procedures used in commercial operations. Even users of identical market classes of wheat may have different specifications, depending upon the bake methods of their product lines.
ABBREVIA'rIo~s USED: SDS, sodium dodecyl sulfate; SE-HPLC, size exclusion high-performance liquid chromatography; SUP, saline unextractable protein; SEP, saline extractable protein.
Wheat quality is influenced by genotype (cultivars grown), environmental factors, and the interaction ofgenotype and environment ~'2'3'4. In the Great Plains of North America, environmental variances associated with quality traits often exceed genotypic variances 4'5. In the U.S.A., most wheat is bought and sold in the absence of any cultivar identification. Thus, knowledge of environmental factors may be the primary means by which grain buyers and millers can make informed decisions regarding optimal production regions for the acquisition of quality grain.
Fortunately, data on environmental conditions is readily available in many countries through the establishment of automated weather data networks 6. The accessibility of weather data through 'on-line' computer networks suggests the possibility of implementing environmental models for the prediction of crop quality, as has been accomplished for crop yield 7. The diverse quality requirements of the wheat industry complicate the process, however. An alternative approach could be to develop predictive models for flour biochemical attributes. Different users of wheat could then determine relationships between biochemical variation and their own quality specifications. Environmentally based predictive models for wheat biochemical characteristics might then predict flour quality indirectly.
Flour protein content and composition are primary determinants of flour quality 8. Several studies have attempted to correlate flour protein content or composition with environmental factors. Johnson et al. 9 found a slight positive correlation between increased temperatures during the early stages of grain filling and protein content; higher average temperatures late in grain filling showed no effect on protein content. Rao et al. ~° found the protein content of soft white winter wheat to be associated positively with maximum temperatures during grain filling; however, the relationships were found to vary among sites. Additional climatic variables, especially night-time temperatures, were found to influence protein content. Blumenthal et al. TM described a loss of dough strength in Australian wheats proportional to the number ofhours on high temperatures (>35 °C) during grain filling. Blumenthal et al. zz proposed that this effect was due to a differential synthesis of monomeric (gliadin) proteins, as opposed to glutenin, during periods of heat stress. Cultivars differed in their response to field heat stress, however.
The experiment reported herein was designed to identify possible relationships between flour biochemical attributes, namely protein content, protein quality and composition, and environmental factors, as encountered under typical Great Plains field conditions. The extent to which combinations of environmental variables could be used to predict biochemical responses was also investigated.
EXPERIMENTAL
Thirty hard red winter wheat genotypes (cultivars and experimental lines) were grown in randomised complete block designs with two replications at the following Nebraska locations in 1990 and 1991 : Lincoln, Clay Center, North Platte, McCook, Grant, Alliance, Scottsbluffand Sidney. At Sidney, the study was seeded under both dryland and irrigated conditions, with the two plantings being treated as separate environments. The Alliance location was lost due to winterkill in 1991; hence, the final analysis included 17 environments. Each year X location combination was treated as a separate environment. The duration of grain filling was recorded at each site as the number of days from anthesis to harvest maturity. Both grain yield and test weight were determined.
Environmental data for each location were obtained from the Nebraska Automated Weather Data system 6. Hourly readings of temperature, relative humidity and precipitation were available. For ease of analysis, data were condensed to the following variables: hours of temperature >32 °C during grain filling, hours of temperature >35 °C during grain filling, hours of temperature <21 °C during grain filling, hours of night-time temperature <21 °C during grain filling, hours of relative humidity <40% during grain filling, hours of stress (defined as the total number of hours of combined temperatures of >29 °C and relative humidity <40%).
Grain (50 g) from each replication was tempered to a moisture basis of 15"2% (w/w) and milled on a Brabender Quadraplex experimental mill (C.W. Brabender Instruments Inc., South Hackensack, NJ). Flour was separated from bran using a Strand (Minneapolis, MN) shaker at 225 rev/min for 90 s with a U.S. Standard Sieve no. 70.
Flour protein content (0% moisture basis) was measured by near-infrared spectroscopy (NIR). SDS sedimentation volume, a measure of protein quality, was measured from a 2 g flour sample at a moisture basis of 14"0% (w/w) using approved method 56-61A t3. Flour protein composition was analysed using SE-HPLC 14'15. Briefly, flour samples (25 mg) were sonicated sequentially in (1) 0"04M NaCI and (2) 2% (w/v) SDS in 0"05M Na phosphate buffer, pH 6"9, using a Tekmar (Cincinnati, OH) Sonic disrupter at a power setting of 5 watts for 30 s. The protein content of five fractions, glutenin, gliadin, low Mr (<25 k) saline unextractable protein (SUP), high Mr (25 k-100 k) saline extractable protein (SEP), and low Mr (<25 k) SEP were measured after separation of protein extracts on a BioRad (Richmond, CA) HPLC fitted with a Waters Protein-Pak 300 sw silica column (10 gm, pore size 30nm). Protein in the column effluent was determined by UV absorption at 210 nm. Values were expressed as proportion (%) of total extracted protein.
Statistical Analysis System 16 programs and procedures were used for the analysis of data. Simple Total hours during the grain filling period. Hours during the grain filling period of both temperature >29 °C and relative humidity of <40%.
correlations were calculated between flour protein variables and each environmental factor. Mean response of the 30 genotypes at each location was used as the dependent variable. Also, variances in genotypic responses at each location were correlated with environmental factors. To minimize the dependence of variances upon means, logarithmic (base 10) transformations were performed before the calculation of correlation coefficients 16.
To identify possible non-linear relationships between biochemical and environmental variables, goodness of fit of second order polynomial (quadratic) curves was tested 16. Stepwise multiple regression was used to determine the proportion (%) of total variation of each biochemical factor attributable to the combined effects of environmental factors. Inclusion of an independent variable within stepwise models required a probability level of 0" 15.
RESULTS
Environments were characterised in terms of climatic factors and productivity (Table I) . Broad ranges in all the measured variables were observed. Flour biochemical attributes for each environment are given in Table II . A relatively narrow range of response was observed for glutenin compared with all the other biochemical variables.
Simple correlations between environmental variables and flour biochemical attributes are given in Table III . The mean protein content was correlated significantly only with the duration of grain filling. Protein quality (SDS sedimentation volume), in contrast, was highly negatively correlated with both hours of high temperature and hours of low relative humidity during grain filling. Glutenin and gliadin were affected negatively by increased temperatures during grain filling, while low Mr SUP and high Mr SEP were enhanced under higher temperatures. Grain yield and test weight were unrelated to most biochemical variables, with the exception of positive correlations between glutenin content and grain yield, positive correlations between test weight and gliadin, and negative correlations between test weight and high Mr SEP.
Significant correlations were observed between variances of flour protein content, low Mr SUP, low Mr SEP and SDS sedimentation volume and environmental parameters (Table IV) . Increased frequency of high temperatures during grain fill resulted in decreased variances for protein content and SDS sedimentation volumes, and increased the variance associated with low Mr SUP. Increased frequency of cool night-time temperatures resulted in an increased variance for flour protein content and a decreased variance for low Mr SEP. Genotypic differences in both protein content and SDS sedimentation volumes, therefore, were more easily detected in the lower stress environments.
Simple correlations do not reveal non-linear relationships. Analysis of variance was used to test for goodness of fit of a non-linear distribution (second order polynomial); among all tested variables, only SDS sedimentation volume fit such a distribution. The relationship between SDS sedimentation volumes and both hours of temperature during grain filling >32 °C (Fig. 1) and hours of temperature during grain filling >35 °C (not Total hours during the grain filling period.
shown) was found to fit the non-linear model. The r a value of the non-linear model describing this relationship was 0"56, notably higher than that of the linear model, 0"39. Figure 1 suggests the relationship between SDS sedimentation volume and temperatures during grain fill to be either curvilinear, with an optimal response at approximately 60 h, or to be governed by a 'threshold' effect, in which SDS sedimentation volumes decrease after 80h of high temperatures. Additional observations will be needed before the true relationship can be established• Stepwise multiple regression analyses are summarised in Table V . Partial r 2 describes the fraction of the total variation in each biochemical variable explained by each respective independent variable. Combinations of environmental variables explained more of the variation in glutenin, gliadin, and low Mr SUP than single variables alone• For the remaining biochemical traits, no further variation could be explained. For SDS sedimentation volume, 76% of the variation was explained by the single variable, hours of relative humidity <40%. This level of prediction was not achieved with the remaining biochemical traits, indicating that more extensive monitoring of additional environmental parameters is necessary before predictive models can be developed.
DISCUSSION
The absence of any strong correlation between protein content and environmental factors, other than with the duration ofgrain filling, is in contrast to several previous reports describing significant relationships between protein content and elevated temperatures during early grain filling 9. However, Rao et al. ~°, after examining correlations of soft wheat protein content with environmental factors at 10 locations in the Pacific Northwest, concluded that the primary environmental factors conditioning protein content differed among locations. While increased temperatures during grain tilting were most often associated positively with protein content, negative correlations were observed at some locations. Evidently, protein content is affected by a host of environmental factors in addition to temperatures during grain filling, such as the duration of grain filling, soil type and fertility, soil moisture availability, disease pressure, etc.
Our results suggest that protein quality, as measured by the SDS sedimentation test, is more susceptible to environmental modification than flour protein content, or the level of the different protein fractions as measured by SE-HPLC. Of interest is the close similarity between the response of SDS sedimentation to environmental factors in this report, and the response of dough strength in Australian wheats, as measured by the Extensigraph (compare Fig. 1 of this report with Fig.  3 of Blumenthal et al.12) . A reduction in protein quality with increased stress appears to be common to both Australian and U.S. wheats.
The precise cause of the decline in SDS sedimentation volumes observed with increasing frequencies of high temperatures and low relative humidities remains to be determined. Blumenthal et al. ~2 have proposed a model whereby increased synthesis of gliadin protein at the expense of glutenin, under conditions of high temperatures, results in a decrease in protein quality. In their work, elevated gliadin was observed in lines subjected to stress in the middle of the grain filling period, but it was also associated with an increase in protein content. Different cultivars also differed in their response, with some showing essentially no change in gliadin content under elevated temperatures. An increase in gliadin content with increased flour protein content is a commonly observed effect L4. In the present study, both glutenin and gliadin were negatively associated with increased temperatures during grain filling, while the production of flour non-gluten protein (low Mr SUP and SEPs) was elevated. The apparent discrepancy between the present report and previous investigations 12 might be due to slightly different approaches to the determination of gliadin content. In our research, monomeric protein of Mr range 25k-100k was separated into SEP and SUP (gliadin) fractions, while in the Australian work, it was retained as one fraction termed 'gliadin'. Previously 15, we have shown the SEP of Mr range 25 k-100 k to contain proteins that co-migrate with gliadins on SDS polyacrylamide gels. Even though the classical definition ~7 of gliadin is protein unextractable in aqueous solutions but extractable in 70% (v/v) alcohol, it has been known for some time that some of the more hydrophilic gliadins may be extracted to a certain extent with aqueous solutions ~8. Thus, both studies suggest that the synthesis of some monomeric proteins is increased under heat stress. The precise identity of these proteins merits further investigation.
The correlations between SE-HPLC protein fractions and environmental factors were not of the same magnitude as those observed for SDS sedimentation volumes, suggesting that the changes in SDS sedimentation volumes are not due to changes in protein profiles alone. The SDS sedimentation test is an interactive system ~9, however, in which gluten swelling and the interaction of starch and gluten are vital. Recently, Carver 2° described a correlation of SDS sedimentation volume with grain hardness (and hence, damaged starch). Thus, changes in flour biophysical phenomena, including protein-starch interactions and the extent of the gluten network 2~, might be responsible for environment-dependent changes in SDS sedimentation volumes.
The high correlation of SDS sedimentation volumes with environmental factors fulfills the primary goal of finding a simple biochemical test that can be predicted by environmental modelling. Different users of wheat flour could benefit from this information if their particular product requirements are correlated with this relatively simple assay. SDS sedimentation volumes are correlated with measures of dough strength, such as Mixograph tolerance, and with loaf volumes, as determined by straight dough pup loaf tests 4, although the correlation of SDS sedimentation volumes with commercial quality requirements is not widely known. Models for the prediction of optimal environments for the production of high quality wheat need not be overly complex. Identification of environments exceeding the threshold of 80 h of temperatures >32 °C during grain filling could serve as a means of identifying optimal production areas. Owing to highly variable weather patterns within the Great Plains, however, such areas will vary from year to year, but can be identified easily through computer databases.
There has been renewed interest in examining the effects of environment on wheat quality. It should be remembered, however, that cultivated wheat is really a collection of ecotypes (variants within a species ecologically and genetically adapted to local environments). The diverse regions in which wheat is cultivated, ranging from semiarid zones in the Great Plains and Australia, to maritime climates in Europe and the eastern U.S.A., plus the genetic diversity within the species arising from selection of locally adapted types, will make it highly unlikely that environmental models for the prediction of either flour biochemistry or quality will be applicable in multiple regions worldwide. Within each major cultural environment (e.g. the Great Plains), however, more extensive environmental monitoring could result in quite accurate models for the prediction of protein quality.
